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The Drosophila Trio Plays an Essential Role
in Patterning of Axons by Regulating
Their Directional Extension
Recent studies using cultured cells have shown that
the members of the Rho family of small GTPases, which
include Rho, Rac, and Cdc42, function in the receptor-
mediated signaling cascades that control the motility of
growth cones (Hall, 1998). For example, activation of
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loss-of-function RhoA mutation causes the overexten-
sion of the dendrites without affecting the axon projec-
tions in the mushroom body (MB) (Lee et al., 2000). Thus,Summary
a combination of these molecules likely contributes to
the neurite morphogenesis.We identified the Drosophila trio gene, which encodes
While these studies showed evidence strongly sug-a Dbl family protein carrying two Dbl homology (DH)
gesting that Rho family small GTPases regulate growthdomains, each of which potentially activates Rho fam-
cone motility during neurite extension or retraction, littleily GTPases. Trio was distributed along axons in the
is known about how activation of these proteins is con-central nervous system (CNS) of embryos and was
trolled either spatially and temporally. Rho family smallstrongly expressed in subsets of brain regions, includ-
GTPases cycle between active GTP-bound and inactiveing the mushroom body (MB). Loss-of-function trio
GDP-bound forms (Nobes and Hall, 1994). Severalmutations resulted in the misdirection or stall of axons
GTPase regulatory proteins have been identified, includ-in embryos and also caused malformation of the MB.
ing GTPase-activating proteins (GAPs), guanine nucleo-The MB phenotypes were attributed to alteration in
tide exchange factors (GEFs), and guanine nucleotidethe intrinsic nature of neurites, as revealed by clonal
dissociation inhibitors (GDIs) (Van Aelst and D'Souza-analyses. Thus, Trio is essential in order for neurites
Schorey, 1997). Among these types of molecules, manyto faithfully extend on the correct pathways. In addi-
GEFs have been identified with variations in overall
tion, the localization of Trio in the adult brain suggests
structure, but all of them share a conserved Dbl homol-
its postdevelopmental role in neurite terminals. ogy (DH) domain, which promotes activation of Rho fam-
ily GTPases by stimulating GDP release from inactive
Introduction GTPases (Whitehead et al., 1997).
Genetic analyses have shown that GEFs are essential
The leading edge of growing axons exhibits growth for the regulation of cell motility and morphology. In the
cones that are responsible for their extension along ste- gastrulation of Drosophila embryos, DRhoGEF2, encod-
reotyped pathways. Growth cones continuously extend ing a putative Rho-specific GEF, mediates cell shape
and retract filopodia and lamellipodia, sensing a combi- changes for tissue invagination (Barrett et al., 1997).
nation of various extracellular guidance signals in order Interestingly, axonal extension and cell migration are
to migrate toward targets (Tessier-Lavigne and Good- regulated by the C. elegans unc-73 gene, encoding a
man, 1996). The signals detected by guidance receptors GEF with two DH domains, one of which activates Rac1
expressed on the growth cones are converted into spe- in vitro (Steven et al., 1998). Thus, GEFs appear to play
cific intracellular signals that control the organization crucial roles in a number of cellular events during devel-
of the actin cytoskeleton, which eventually affects the opment.
behaviors of filopodia and lamellipodia. We have previously identified the still life gene by
screening mutants with reduced locomotor activity. The
encoded protein is a putative GEF possibly involved in# To whom correspondence should be addressed (e-mail: hama@
ncnp.go.jp). synaptogenesis and is localized in the lateral regions of
Neuron
120
Figure 1. The Structure of Drosophila Trio and Analyses of trio Mutations
(A) The 2263 amino acid sequence of Drosophila Trio is shown. The N-terminal domain (double underline), spectrin-like repeats (single
underline), DH domains (dashed line), PH domains (wavy underline), and SH3-like domain (box) are indicated.
(B) Comparison of the domain organization of Drosophila Trio with human Trio and C. elegans UNC-73. The domain names are shown at the
top. Amino acid identity between the corresponding domains is indicated as a percentage. Abbreviations: Ig, immunoglobulin-related domain;
Kinase, serine protein kinase domain; and FnIII, fibronectin type III domain.
(C) Mutation sites of trioE4.1 and trioP0368/10. trioE4.1 generates a stop codon in place of glutamine at amino acid 261. trioP0368/10 is a PlacW insertion
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the active zones for neurotransmission in the synaptic multiple domain structures (Figure 1A). From the N termi-
nus, the protein contains the N-terminal domain, fourterminals (Sone et al., 1997). This finding suggests that
various steps of neuronal differentiation are controlled spectrin-like repeats (amino acid residues 284±1199),
two pairs of DH (DH1, 1287±1456; DH2, 1945±2122) andby several GEFs, and each activates a Rho family
GTPase in a characteristic spatiotemporal pattern, re- pleckstrin homology (PH) (PH1, 1484±1583; PH2, 2150±
2246) domains, and one SH3-like domain (1644±1706)sponding to distinct extracellular cues. To understand
how the activation of Rho family GTPases are controlled between the two DH±PH domains. A pair of DH and PH
domains are found in all of the GEFs, and the DH domainduring neurogenesis in vivo, we searched for novel
genes encoding GEFs and subsequently identified the is known to catalyze a guanine nucleotide exchange
reaction on Rho family GTPases. These amino acid se-Drosophila trio gene. Trio carries two DH domains and
is highly related to human Trio and C. elegans UNC-73. quences and modular structures are closely related to
human Trio and C. elegans UNC-73 (Figure 1B). TheseTrio is distributed along the axons in the embryonic
central nervous system (CNS) and also in a subset of findings suggest that the gene encoding this protein is
the Drosophila ortholog of human Trio and C. elegansbrain regions, including MB, that dynamically changes
the morphology during development. We have isolated unc-73. We therefore refer to the gene as Drosophila
trio hereafter. However, the Drosophila Trio lacks thethe trio loss-of-function mutations and examined the
resulting defects in neurite development. The present immunoglobulin-related domain and serine protein ki-
nase domain found in the C terminus of human Trio andanalyses showed that trio plays an essential role in neu-
rite patterning by controlling navigation of the growth terminates immediately after a second PH domain.
cones on the correct pathways. In addition, the localiza-
tion of Trio in the dendritic terminals in the adult brain The Distribution Patterns of Trio Protein
To assess the function of Trio, we examined its distribu-suggests that Trio is also involved in synaptic motility
or maintenance. tion patterns in Drosophila tissues. Trio protein fused
to GST was expressed in bacteria and used to generateThree accompanying papers have shown similar re-
sults regarding the function of Trio in axon guidance rabbit polyclonal (aTrioB6) and mouse monoclonal (mAb
9.4A) antibodies.using photoreceptor cells (Newsome et al., 2000 [the
April 28 issue of Cell]) and the embryonic nervous sys- In the embryonic CNS, Trio staining was initially de-
tected at stage 12, when axons start extending from thetem (Bateman et al., 2000 [this issue of Neuron; Liebl et
al., 2000 [this issue of Neuron). neuronal cell bodies. At stage 13, Trio was detected in
the growing axon fascicles running on the longitudinal
tracts and on those crossing the midline of the ventralResults
cord (Figure 2A). As the CNS developed, the axonal
expression became more robust in pattern and was de-Identification of the trio Gene
To identify a GEF that functions in the nervous system, tected preferentially in the longitudinal fascicles and
weakly in commissural fascicles of stage 16 embryoswe searched the DNA sequences encoding the candi-
date molecules in the sequence databases and succes- (Figure 2B). These expression patterns suggest that Trio
may be involved in axonogenesis that includes axonalsively examined their expression patterns in embryos.
Initially, the amino acid sequences of several GEFs pre- extension, fasciculation, or pathway selection. In addi-
tion to the neural tissue, Trio was found in the epidermisviously identified in vertebrates were compared with the
C. elegans databases using the FASTA program, and the and strongly in the muscle attachment sites (Figure 2C).
Trio expression was observed throughout develop-conserved sequences were extracted. These sequences
were further compared with the Drosophila databases ment. In the adult brain, while a large number of cells
in the cortex and most neuropil regions were weaklyby BLAST, and several sequences were expected to
encode parts of GEFs. The corresponding cDNAs, gen- labeled with anti-Trio antibody, strong Trio staining was
detected in several groups of neurons, including the MBerated in the Drosophila Genome Project, were obtained
and processed for in situ hybridization to embryos, and (Figure 3), elipsoid body (EB) (Figure 3J), and lamina
(Figure 3A) neurons. A pair of MBs are located in theone of the cDNAs, LD19830, was further analyzed. This
DNA segment probed the mRNA expression in the devel- central brain, and each exhibits a characteristic struc-
ture that consists of calyx, peduncle, and five (a, a9, b,oping CNS (toward stage 17) and in the epidermis, in-
cluding muscle attachment sites (data not shown). The b9, g) lobes (Figure 3N). These parts are formed by the
neurites emanating from clusters of neurons, Kenyonepidermal expression faded at stage 17.
cells, located in the dorsocaudal cortical regions. All of
these neurons extend their processes throughout theTrio Structure
Using LD19830 as a probe in the screening of the adult peduncle but are classified into three types by their
further projection patterns (Crittenden et al., 1998). Thehead cDNA library, we isolated several cDNA clones
stretching over 9.2 kb. The determined sequences of individual axons extended from the a/b or a9/b9 lobe
neurons bifurcate into the a and b, or a' and b9, lobes,the clones predicted a 2263 amino acid protein with
in the intron that separates the coding sequence of glycine at amino acid 1756. The bar represents the antigen used to generate Trio antibodies.
The domains are designated as in (B).
(D) Western blot: lane 1, hs-trio produced the large Trio protein; lane 2, wild type shows the large and small products (arrowheads); lane 3,
trioP0368/10 results in the apparent loss of both large and small Trio proteins; lane 4, trioE4.1/trioP0368/10 only produces the small product.
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Figure 2. Distribution Patterns of Trio in the Embryonic CNS
(A) Stage 13 embryo. Trio is distributed along the growing axons in the CNS.
(B) Late stage 16 embryo. Trio is found preferentially along the longitudinal tracts and weakly along the commissural tracts.
(C) Stage 14 embryo. Strong Trio expression was found in the muscle attachment sites (arrowhead).
respectively, and the axons of the g lobe neurons project hr APF. Trio was found continuously distributed in the
g lobe neurons in varying patterns during the larval,to the g lobe after passing through the peduncle. Trio
pupal, and adult stages. Trio was not observed in thewas expressed in a subset of MB neurons and distrib-
a/b and a9/b9 lobe neurons at 24 hr or 48 hr APF.uted in the cell bodies, calyx (Figure 3K), central and
lateral peduncles (Figure 3J), and a9, b9, and g lobes
Identification and Characterization(Figure 3I) but not in a and b lobes. To confirm this
of the trio Mutationsassignment, MB was doubly stained with mAb 1D4 (Van
To reveal the function of Trio, we performed geneticVactor et al., 1993), which strongly labels the a and b
analyses for the trio locus. The locus is positioned onlobes and a part of the peduncle, and weakly labels the g
the cytological location 61E, on the third chromosome,lobe but not the a9 and b9 lobes. These staining patterns
and is uncovered by the deficiencies Df(3L)FpaI andwere complementary to each other in most MB regions,
Df(3L)babPG (Godt et al., 1993). In addition, we found thatwhich confirmed the subregional distribution of Trio in
a mutant strain, l(3)0368/10 (Deak et al., 1997), possessed aMB (Figure 3L). aTrioB6 and mAb 9.4A stained the adult
P element insertion at the overlapping region of thebrain essentially in the same pattern, and the staining
two deficiencies and therefore examined its physicalsignals with both antibodies were greatly reduced in the
position, expecting that the insertion may disrupt themutant brain (Figure 3B).
trio gene. The genomic analyses revealed that the PSince MB undergoes dynamic morphological changes
element was inserted in an intron that separates theduring development, it needed to be clarified how Trio
coding sequence of amino acid 1756 in the Trio encod-expression is associated with the changes. Trio was
ing frame (Figure 1C). The animals with this mutation
distributed in the larval MB (Figure 3M), which includes
were homozygously viable but sterile, and the l(3)0368/10/
the larval vertical (LV) and medial (LM) lobes, peduncle, Df(3L)FpaI flies were semilethal, exhibiting reduced lo-
calyx, and cell bodies throughout larval life (Figures 3C, comotor activity, with frequent failure in the normal wing
3D, and 3E for the third instar larvae). During the pupal extension. These mutant phenotypes were rescued by
stages, the Trio expression pattern in MB altered as the trio cDNA expression under the control of the heat
metamorphosis proceeded. Trio staining was found in shock promoter (data not shown), indicating that l(3)0368/10
the vertical and medial lobes at 12 hr after puparium is a trio allele. We hereafter designate this muta-
formation (APF) (Figure 3F), was then confined in the tion trioP0368/10. This allele is probably hypomorphic and
approximate anterior region of the peduncle, with no provides some Trio activity. To further isolate stronger
signals in any lobes at 24 hr APF (Figure 3G), and alleles, we mutagenized chromosomes with ethyl
was only detected in the g lobe at 48 hr APF (Figure methanesulfonate (EMS) and screened mutations that
3H). These successive changes in Trio staining corre- were lethal when heterozygous with Df(3L)FpaI and
sponded to the remodeling processes of the g lobe neu- Df(3L)babPG. Twenty-four independent mutations, iden-
rons (Lee et al., 1999). The g lobe neurons are the first tified in the same complementation group, were succes-
neurons generated that form vertical and medial lobes sively established as trio alleles by their semilethality
during the larval stages, then undergo degeneration that when heterozygous with trioP0368/10. Since 17 alleles ex-
results in the loss of both lobes around 18 hr APF, and amined showed similar mutant phenotypes in the em-
bryonic CNS (see below), we selected one of the alleles,finally regenerate medially to form adult g lobes at 24±36
Roles of Trio in Axon Guidance
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Figure 3. Distribution Patterns of Trio in the Brains of Third Instar Larva, Pupa, and Adult
(A) Wild-type adult brain stained with aTrioB6. Note strong signals in the lamina (la) and MB, and weak signals in most brain regions.
(B) trioP0368/10 adult brain stained with aTrioB6. All signals observed in (A) are greatly reduced.
The images in (A) and (B) were taken under the same conditions with the laser scanning microscope.
(C±K) mAb 9.4A staining.
(C±E) Wandering third instar larva. Most MB structures, the cell bodies (cb), calyx (ca), peduncle (p), and larval medial (LM) and larval vertical
(LV) lobes, are strongly stained.
(F±H) Developing pupae.
(F) Twelve hours APF.
(G) Twenty-four hours APF. Note the Trio signals (arrows) confined in the anteriormost regions of the peduncle.
(H) Forty-eight hours APF. Trio is detected in the developing g lobes (g).
(I±L) Adult brains. MB shows Trio staining in a9, b9, and g lobes in (I); the central and lateral peduncles (p) in (J); and parts of calyx (ca) and
clusters of cell bodies (cb) in (K). Ellipsoid body (ªebº) is also stained in (J).
(L) Double staining with aTrioB6 (red) and mAb 1D4 (green). While mAb 1D4 stains a, b and g lobes, aTrioB6 labels a9, b9 and g lobes.
(M and N) Schematic structures of larval (M) and adult (N) MB. Abbreviations: cb, cell body; ca, calyx; p, peduncle; LV, larval vertical lobe;
LM, larval medial lobe; LSL, larva-specific spur-shaped lateral projection; and LSM, larva-specific spur-shaped medial projection. See also
Figure 6A for a cell clone in the larval MB.
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trioE4.1, as a representative for further analyses. trioE4.1 cluster of neurons turned vertically to navigate on the
longitudinal tract and formed a fascicle with the axonswas sequenced, and the mutation was found to be a
one base substitution that generated a stop codon at extended from other segments in the wild-type larva
(Figure 4G). In the trioE4.1/Df(3L)FpaI larvae, these axonsamino acid 261 (Figure 1C). trioE4.1/Df(3L)FpaI animals
died during the larval stages. did not faithfully extend on the longitudinal tracts and
exhibited a wavy pattern or frequently turned alongTo further characterize these mutations, we per-
formed Western blot analyses using aTrioB6 (Figure 1D). three-dimensional axes to follow the wrong tracts (Fig-
ure 4H). These misrouting phenotypes demonstratedTwo major bands that migrated at more than 200 kDa
and 130 kDa were identified as Trio proteins, because that Trio has an essential role for axon patterning in the
embryonic and larval CNS.these bands disappeared in the flies homozygous for
trioP0368/10. In addition, the full-length of trio cDNA ex- In contrast to the clear defects in the mutant CNS,
mild aberrations were observed in the motor axons pro-pressed under the control of the heat shock promoter
in transgenic flies produced a protein that comigrated jecting to the body wall muscles. ISNb, a motor axon
fascicle, innervated the ventrolateral muscles 6, 7, 12,with the upper band, but no protein was detected at the
position of the lower band. These findings indicated and 13 in a stereotypical fashion (Figure 4C). In mutant
embryos, while most ISNb fascicles correctly extendedthat the large product corresponds to the Trio protein
produced from the longest open reading frame that we toward the target muscles, 10% of ISNb (n 5 393) ex-
hibited a stall or fusion phenotype (Figure 4D); 7% ofidentified, and the small product was translated from
a transcript either alternatively spliced or driven by a the fascicles stalled on muscle 7 or prior to entering the
muscle territory after exiting the CNS, and 3% of thedifferent promoter. The trioP0368/10 insertion mutation pre-
sumably still produces a truncated protein that contains fascicles fused to another fascicle ISNd and stalled
shortly. The control embryos exhibited only the stallthe N-terminal DH domain but not the C-terminal do-
main, and, consequently, the truncated protein was not phenotype in ,1% of ISNb (n 5 594). The ventrolateral
muscles appeared normal in morphology and in connec-detectable with aTrioB6 (Figure 1C). In contrast to the
observation that the two bands disappeared in trioP0368/10, tion with the muscle attachment sites in the mutant
embryos.only the upper band was absent in trioE4.1, with the lower
band remaining intact (Figure 1D). Therefore, the trioE4.1
mutation, located close to the N terminus, appears to trio Mutations Disrupt MB Development
completely disrupt the large product but not affect the Since Trio was strongly expressed in MB throughout
small product. These findings demonstrated that the development, we examined the effects of trio mutations
two mutations indeed altered the two Trio products in on the MB structure. mAb 1D4 labeled MB of the wan-
distinct patterns. dering third instar larvae, which included the peduncles
and the LV and LM lobes but not the cell bodies of the
MB neurons and calyx (Figure 5A). The core regions ofAxon Patterning Is Impaired in the Nervous Systems
of Mutant Embryos and Larvae the peduncle, LV, and LM were clearly unstained. These
staining patterns indicated that mAb 1D4 was a usefulThe trioE4.1/Df(3L)FpaI embryos appeared normal as a
whole structure, and the gross morphology of the CNS marker for visualizing the whole neurite structure of the
larval MB. In both trioP0368/10/Df(3L)FpaI and trioP0368/10/also looked similar to wild type. When the embryos were
stained with mAb 1D4, however, we found defects in trioE4.1 larvae, the LV and LM lobes were found to be
abnormally developed (Figures 5B and 5C): thin or smallthe axon patterning in the CNS. mAb 1D4 stains three
longitudinal fascicles at each lateral side of the ventral lobes in the position of the LV lobe (15 of 18 MBs in
trioP0368/10/trioE4.1), short lobes in the position of the LMnervous system in wild-type embryos at stage 17 (Figure
4A). In trioE4.1/Df(3L)FpaI embryos, however, the stained lobe (15 of 18 in trioP0368/10/trioE4.1). In most cases, the
peduncles appeared normal, with the core region re-fascicles were arranged in an abnormal pattern. The
outermost fascicles were very discontinuous and fused maining unstained, whereas the core regions of LV and
LM were ambiguous when compared with wild type.to the adjacent inner fascicles (Figure 4B). This pheno-
type was more pronounced in the mutant first instar The degree of defects and altered morphology varied
among the individual mutant MBs. These observationslarvae, in which the outermost fascicles were thin and
frequently disrupted, producing gaps. Portions of the suggest that the MB neurons in the trio mutant extend
their axons normally in the peduncle but often fail toaxons turned vertically to the inner fascicles, showing
orthogonal patterns (Figure 4F). Axons in other fascicles project further along the lobe-forming tracts.
In the adult MB, mAb 1D4 labeled the a and b lobesalso exhibited irregular arrangements. These abnormal
mAb 1D4 staining patterns were similarly observed in strongly, and the g lobe weakly (Figure 5D). In trioP0368/10/
Df(3L)FpaI and trioP0368/10/trioE4.1 flies, shortened or de-trioE4.1 homozygous embryos and larvae, indicating that
trioE4.1 is a functionally strong or null allele for these formed lobes exhibiting weak mAb 1D4 staining were
found in the position of the medial lobes, while the pe-axonal phenotypes (data not shown). To trace the axon
pathways more accurately in the mutants, we further duncles were formed in an apparently normal shape.
Based on the position and staining intensity, the abnor-examined the embryos expressing Tau-Myc protein un-
der the control of the lim3 promoter in a small number mal lobes possibly arose from the g lobe neurons, in
which Trio is continuously expressed during their differ-of neurons (Thor et al., 1999). lim3 is expressed in a
subset of interneurons and motor neurons, including the entiation in wild type. Moreover, in place of the a and
b lobes, strangely shaped lobes with strong stainingRP motor neurons in embryos and first instar larvae.
The Tau-positive axons extending medially from a lateral were found at the anteriormost region of the peduncle,
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Figure 4. Abnormal Axonal Patterns in the trio Embryos and First Instar Larvae
(A±D) Late stage 16 embryos stained with mAb 1D4.
(A) Wild type. Three longitudinal fascicles are stained at each lateral side of the ventral nervous system.
(B) trioE4.1/Df(3L)FpaI embryo. The overall structure of the fascicles are deformed. The outermost fascicles are very discontinuous and fused
to the adjacent fascicles (arrowheads).
(C) Wild type. The ISNb fascicles innervate muscles 7, 6, 13, and 12 in each hemisegment.
(D) trioE4.1/Df(3L)FpaI embryo. Some ISNb fascicles show a stall (arrow) or fusion (arrowhead) phenotype.
(E±H) Ventral nervous system of first instar larvae.
(E and F) mAb 1D4 staining in wild-type (E) and trioE4.1/Df(3L)FpaI (F) larva. An orthogonal axonal pattern (arrowheads) is observed in the
mutant (F).
(G and H) Staining patterns with anti-Tau antibody.
(G) Wild type carrying lim3A-tau-myc. A single longitudinal fascicle is observed in each lateral side. The lim3-positive RP neurons and cell
bodies of the lateral cluster neurons are not visible in the focal planes overlaid here.
(H) trioE4.1/Df(3L)FpaI larva carrying lim3A-tau-myc. The fascicles turn three dimensionally and follow the wrong tracts (arrowheads).
and sometimes unexpectedly close to the calyx (Figure trio Mutant Clones in MB Exhibit Abnormal
Neurite Projections5E). Since no expression of Trio was observed in the
a/b lobe neurons at any stages in wild type, the aberrant Since Trio expression was not confined to the MB neu-
rons, it was uncertain whether the defects in MB wereformation of the a and b lobes is likely caused by an
indirect consequence of the defects in the preexisting caused by the loss of Trio function in the MB neurons
or were a secondary effect resulting from structural al-larval lobes that the a/b lobe axons later follow.
In addition to MB, EB was also disorganized, with terations in the adjacent brain regions involved in MB
development. To discriminate between these possibili-the severity varying among individuals. The EB neurons
appeared to extend their axons approximately to the ties, we performed clonal analyses using the MARCM
system, with which only mutant clones can be labeledcorrect region but failed to form the ring-shaped arbori-
zation pattern (Figure 5G). (Lee and Luo, 1999). Clones of the MB neuroblasts were
Neuron
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Figure 5. Malformation of MB and EB in trio Mutant Larvae or Adults
Structures of MB and EB were visualized by staining with mAb 1D4.
(A±C) MB of wandering third instar larvae.
(A) Wild type. LM and LV lobes, and spur-shaped lateral (arrowheads) and medial (asterisks) projections of MB, are visible.
(B and C) trioP0368/10/Df(3L)FpaI (B) and trioP0368/10/trioE4.1 (C) larvae exhibit small LVs (arrows), short LMs (asterisks) with no spur-shaped medial
projections, and irregular spur-shaped lateral projections (arrowheads).
(D and E) Stereographs of adult MB. Dorsofrontal views are shown.
(D) Wild type. The a lobe is positioned vertically, and the b and g lobes are extended medially.
(E) trioP0368/10/Df(3L)FpaI. Aberrantly shaped a and b lobes are arranged at the anterior edge of the peduncle on the left but are positioned
close to the calyx on the right. The deformed g lobes are found around the original position.
(F and G) EB in wild type (F) and trioP0368/10/Df(3L)FpaI (G).
induced in first instar larvae and analyzed in wandering To characterize the trio phenotype more accurately,
we attempted to trace the axons of single/two cell triothird instar larvae. The wild-type MB neurons extend
their axons through the peduncle and bifurcate into the clones. Since the fluorescent intensity was insufficient
for analysis at the larval stages, the axonal phenotypeLV and LM lobes (Lee et al., 1999). Consistently, when
the wild-type clones were induced, the labeled axons was examined in the adult brain. The wild-type clones
induced in the first instar larvae exclusively extendedwere evenly distributed in the peduncle and in two lobes
with the same fluorescent intensity (Figures 6A±6C). In the axons to the g lobe via the lateral peduncle (Figure
6H). Unexpectedly, the single/two cell trio clones alsocontrast, the mutant MB clones exhibited an abnormal
axonal pattern (Figures 6D±6F). The axons emanating normally projected their processes into the g lobes (Fig-
ure 6I). This result may be explained by perdurance offrom the trioE4.1 clones appeared to navigate normally
through the peduncle to the approximate region of bifur- Trio protein provided upon generation of the mutant
cells or by the presence of a great number of wild-typecation, but the axons found in the two lobes were
sparsely distributed, with an apparent reduction in the axons that may prevent the mutant axons from steering
out of the correct pathways or from ceasing elongationoverall fluorescent intensity of the lobes. The fluorescent
intensity of larva-specific spur-shaped lateral (LSL) pro- through cell±cell communication.
jection remained high. These observations indicated
that the axons in the mutant clones were either stalled Subcellular Localization of Trio in Adult Neurons
Trio was not only expressed in neurons extending neu-on the tracts or misrouted to LSL. In addition, the trio
neuroblast clones interestingly exhibited a bundle of rites at the developing stages, but was also abundantly
found in adult brains. This adult expression suggestedneurites overextended from the calyx, a major dendritic
cluster of MB (Figures 6F and 6G). It remains to be that Trio functions in some cellular events other than
neurite development. To assess the possible Trio func-revealed, however, whether the neurites have the prop-
erties of axons or dendrites. Taken together, these phe- tion, immunoelectron microscopy was performed to ex-
amine the subcellular localization of Trio in adult brains.notypes were primarily caused by an alteration in the
intrinsic nature of the mutant clones. Thus, we con- Trio signals were distributed in a patched pattern in the
axons (Figure 7A) and cell bodies (data not shown) ofcluded that Trio plays an essential role in the develop-
ment of MB through controlling the directional extension neurons in the central brain and optic lobes. The patches
were, in many cases, associated with clusters of vesiclesof the axons and/or dendrites.
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Figure 6. Analyses of trio Clones in MB
MBs with neuroblast clones for wild type (A±C) and trioE4.1 (D±G) or with single cell clones for wild type (H) and trioE4.1 (I) are doubly stained
with anti-CD8 antibody (A and D) and mAb 1D4 (B and E). Merged images are shown in (C), (F), (H), and (I). mAb 1D4, red; anti-CD8, green.
(A) The wild-type clone normally forms cell bodies (cb), calyx (ca), peduncle (p), larval vertical (LV) and medial (LM) lobes, and larva-specific
spur-shaped lateral (LSL) and medial (LSM) projections.
(B) mAb 1D4 labels all MB lobes and projections.
(D) The trioE4.1 clone extends axons in the peduncle but exhibits poor projection into LV, LM, and LSM. Note a strong signal in LSL.
(E) The whole structure of MB carrying the mutant clone appears normal.
(G) A higher magnification view of (D). Note that a bundle of neurites (arrow) extends from the calyx.
(H and I) The wild-type (H) and trio (I) single cell clones similarly project the processes in the g lobes. The insets indicate cross sections of
the peduncle. The axons (arrows) of the clones pass through the lateral peduncle. For clarity, only the single cell clones in MB were selectively
displayed. Genotypes of the strains used to generate clones are GAL4C155, UAS-mCD8::GFP, hs-FLP/Y; FRT2A, tubP-GAL80/FRT2A (A±C and
H); GAL4C155, UAS-mCD8::GFP, hs-FLP/1; FRT2A, tubP-GAL80/FRT2A, trioE4.1 (D±G and I).
in the axoplasm. Occasionally, small areas of the plasma neurons, Trio was found in the dendritic terminals of the
lamina neurons that contact or intrude into the photore-membrane close to the patches were stained. This stain-
ing, however, may have resulted from diffusion of the ceptor cells (Figure 7B). We could occasionally observe
that the terminals with the Trio signals formed postsyn-dye from the patches. Furthermore, in the lamina neu-
ropil, which exhibits an array of lamina cartridges con- apses, and the signals were largely associated with the
plasma membrane in the terminals. No staining wassisting of synaptic pairs, photoreceptor cells, and lamina
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Figure 7. Subcellular Localization of Trio in
the Adult Brain
(A) Trio staining in the axon in the central
brain. Trio signals are found in patches
(arrows) in the axoplasm. Clusters of vesicle
are associated with the signals. An arrow-
head indicates staining along the plasma
membrane.
(B) Trio staining in the dendritic terminals of
the lamina neurons in the lamina cartridge.
Trio signals are associated with the plasma
membrane of the dendritic terminals (arrows).
Asterisks indicate the presynaptic terminals
that exhibit a part of the T bar structure and
an electron-dense zone. Arrowheads indicate
capitate projections, which are characteristic
structures for photoreceptor cells.
Scale bar, 500 nm (A and B).
detected in the presynaptic terminals of the photorecep- to bifurcating into the lobes. In addition, a bundle of
neurites aberrantly overextended from the calyx, a den-tor cells in adult brains.
dritic region of MB. These observations in the trio clones
demonstrate that Trio functions autonomously withinDiscussion
clusters of MB neurons and is involved in the intrinsic
mechanism underlying the control of neurite behavior,To examine what cellular events are regulated by Rho
either in individual cells or through cell±cell communi-family GTPases during neuronal differentiation and how
cation.these molecules are activated in a spatiotemporally cor-
Consistent with the function in neurite extension, Triorect developmental context, we initiated our study by
was found along the neurites in several tissues at thecloning a novel GEF expressed in the nervous system
light microscopic level. Immunoelectron microscopyof Drosophila. The identified GEF, Drosophila Trio, is
further showed that most axonal staining was confinedmost likely a Drosophila ortholog of human Trio and C.
to a number of patches in the axoplasm, and we fre-elegans UNC-73. To reveal the Trio function in neuronal
quently found that clusters of vesicles were associateddifferentiation, we isolated many mutant alleles and
with the patches. However, it remains unclear whetherfound that the mutant animals exhibited defects in axon
the clustering of vesicles reflects an authentic in vivopatterning in the ventral nervous system at embryonic
figure or was artificially produced during the experimen-and larval stages and also showed striking malformation
tal procedure. Nevertheless, most staining along theof MB at later developmental stages. The present analy-
axons was found in the patches but not on the plasmases indicated that Trio controls axon pathway selection
membrane of the axons. These observations suggestand/or extension to establish the accurate axon pat-
that Trio is transported through the neurites and is possi-
terning in the neural tissues.
bly associated with the vesicles. Trio was predominantly
localized in the longitudinal tracts, where most axons
Trio Functions in Axon Guidance and dendrites terminate in the embryonic CNS, and dis-
We have found that the mutant embryos exhibited ab- tributed in specific, thin layers that corresponded to the
normal axon guidance in the CNS and also mild stall neurite terminals of the lamina cells in the adult optic
and fusion phenotypes in the motor axons. In mutant lobe (data not shown). Moreover, Trio was indeed found
larvae, the axons on the longitudinal tracts in the CNS in the dendritic terminals of the lamina neurons. These
frequently turned three dimensionally and misrouted on staining patterns strongly suggest that the primary ac-
the wrong tracts. Furthermore, the MB axons in the tion sites for Trio are the neurite terminals in the mature
mutant often showed abnormal formation of the MB nervous system. Although we have not clearly shown
lobes. These mutant phenotypes suggest that Trio is the Trio localization in the growth cones at developing
required for the mechanism by which axons faithfully stages, it is very likely that the mechanisms supporting
extend on the correct pathways. However, it is also the terminal localization also work to transport Trio to
possible that the defects in axon patterning in the mutant the growing neurite terminals.
nervous system could be caused by alterations in the
position or nature of the surrounding cells that contact Trio Is a Multidomain Protein with Two DH Domains
the axons. To discriminate these possibilities, we per- Trio has a multidomain structure that contains the N-ter-
formed clonal analyses using MB neuroblasts, which minal domain, spectrin-like repeats, the SH3 domain,
continuously divide to produce MB neurons during the and two pairs of DH and PH domains. All domains are
larval and pupal stages. The mutant clones extended conserved among human and Drosophila Trio proteins
axons, which apparently navigate through the pedun- and UNC-73, suggesting that each domain is function-
ally important. While DH1 specifically activates Rac1 incles, but exhibited a stall or misrouting phenotype prior
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human Trio and UNC-73 (Debant et al., 1996; Steven et in a more general pathway that responds to multiple
cues. In Drosophila, several receptor-type moleculesal., 1998) or Drosophila Rac1, Rac2, and Mtl in Drosoph-
ila Trio (Newsome et al., 2000), DH2 acts on RhoA in and cytoplasmic factors have been shown to control
axon guidance. These include receptor tyrosine kinaseshuman Trio (Debant et al., 1996). Therefore, Trio appears
to link the two distinct signaling cascades. The Rho and phosphatases, and receptors for specific identified
ligands (Cook et al., 1998; Van Vactor, 1998). Pak and anfamily members RhoA, Rac1, and Cdc42 play character-
istic roles in the organization of the actin cytoskeleton in adapter protein, Dock, are examples of the cytoplasmic
factors and are suggested to link some guidance recep-different fashions (Hall, 1998). Although these molecules
exhibit distinct morphological consequences depen- tor to a GEF upon stimulation by the ligand (Garrity et
al., 1996; Hing et al., 1999). Trio may therefore make adent on the type of cultured cell line and neuron (Gallo
and Letourneau, 1998), several studies have shown that protein complex with some of these guidance receptors
and cytoplasmic factors in specific membrane domainsCdc42 and Rac1 promote the formation of filopodia and
lamellipodia in the neurites, and RhoA induces neurite and may locally activate Rho family members that regu-
late the organization of the actin cytoskeleton to steerretraction in neuroblastoma cells. These opposing neu-
rite behaviors appear to be antagonistically inhibited growth cones onto the correct pathways. It would be
interesting to reveal the components of the possibleby either of the GTPases in the opposing regulatory
cascades (Kozma et al., 1997; van Leeuwen et al., 1997; protein complex and also to clarify how signals are
transduced through the complex to the downstreamHirose et al., 1998). It is therefore possible that Trio may
coordinate the extension or retraction of the growth cascade. Clarifying these issues would further raise an-
other questionÐhow Trio selectively activates or bal-cones by balancing these distinct regulatory cascades.
We have shown that the trio MB neuroblast clones ances the two signaling pathways through the two DH
domains.exhibit aberrant axon projections and also overexten-
sion of the neurites in the dendritic region calyx. Inter- The localization of Trio in the dendritic terminal of the
mature brain suggests another role in synaptic events.estingly, RhoA neuroblast clones overextended the
dendrites in the calyx without changing the axonal mor- The precedence for synaptic localization of a GEF was
reported in the study of SIF protein, which is suggestedphology, indicating that RhoA selectively limits the den-
dritic growth in MB (Lee et al., 2000). These findings to function in synaptogenesis (Sone et al., 1997). In the
lamina cartridges comprising the photoreceptor cellsraise the possibility that RhoA or its closely related mole-
cule may be the in vivo substrate of one of the two DH and lamina neurons, the photoreceptor cells mainly
show the presynaptic structures, and the lamina neu-domains, likely DH2, and that these domains may be
differentially employed for the morphogenesis of distinct rons provide postsynaptic terminals (Meinertzhagen
and O'Neil, 1991). SIF protein, in these synapses, isneuronal compartments, axons and dendrites. To ap-
proach this possible differential Trio function, however, specifically localized in the region lateral to the active
zone in the presynaptic terminals, whereas Trio is foundit should be clarified whether the overextended neurites
in the trio clones are axons or dendrites. Alternatively, in the postsynaptic dendritic terminals. These observa-
tions suggest that both GEFs play important roles in thethe bipartite signaling of Trio may be employed for re-
modeling the nervous system by a temporal perturbation control of synaptic maintenance or motility in the adult
brain. While sharing DH domains, these GEFs carry dis-of the cascade balance during development. We have
shown that Trio is strongly expressed in the MB g lobe tinct domains for protein interactions, suggesting that
each constitutes a different type of protein complexneurons, which perform a drastic remodeling, including
neurite retraction and regeneration during metamorpho- and functions in a different molecular environment. Trio,
playing an important role in axon guidance, may alsosis (Lee et al., 1999). However, it is currently difficult to
assess the Trio function in MB remodeling since the trio function in synaptic motility or plasticity, depending on
the same guidance molecules or on different cues.mutants analyzed exhibited morphological defects in
the MB lobes before metamorphosis. Additional studies
will be required to separate the complex phenomena Experimental Procedures
into distinct processes and to assign the roles of the
two DH domains to the individuals involved in neurite Database Search
A two-step database search was performed to identify sequencesmorphogenesis or remodeling.
that encode parts of novel Dbl family proteins in Drosophila. At first,
the several Dbl family proteins previously identified were subjectedTrio Signaling Cascade to homology search in the C. elegans protein databases using the
In cultured cells, activation of Rho family GTPases is FASTA program. Several C. elegans sequences obtained in this
induced by several extracellular cues and results in the procedure were further compared with the DNA databases of Dro-
sophila using the tBLASTn program. We obtained five EST se-reorganization of the actin cytoskeleton (Hall, 1998). This
quences expected to encode a part of the DH domain or PH domain.process includes a signal transduction from the specific
The corresponding cDNA clones, including LD19830 (all producedreceptors on the plasma membrane to the GEFs that
by the Berkeley Drosophila Genome Project [BDGP]) (http://directly activate the Rho family members. Therefore, it www.fruitfly.org/), were obtained from Research Genetics.
is very likely that Trio is located downstream of some
guidance receptor that detects a specific ligand during
cDNA Cloninggrowth cone navigation. However, we have observed
Several cDNA clones that overlap with LD19830 were isolated from
that aberrant axonal patterns were variably arranged a Drosophila adult head cDNA library and sequenced. The 9.2 kb
among trio mutant animals. This suggests that Trio may trio cDNA clone carrying the full-length coding frame was con-
structed from two overlapping cDNA clones.not mediate a specific guidance signal but may function
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Strains and EMS Mutagenesis debris, and electrophoresed on an SDS 5%±20% gradient polyacryl-
amide gel. The gel was electroblotted onto a Hybond ECL membraneThe two deficiencies, Df(3L)FpaI and Df(3L)babPG (Godt et al., 1993),
used for the genetic analyses of trio uncover the chromosomal (Amersham). The membrane was blocked in PBTw (PBS 1 0.1%
Tween 20) containing 1.5% skim milk and 1.5% bovine serum albu-regions 61D1±2 to 61F1±2 and 61D3±E1 to 61F5±8, respectively.
The trioP0368/10 (Deak et al., 1997) is a P element insertion allele, and min for 1 hr and incubated with aTrioB6 (1:1000). After three 15 min
washes with PBTw, the membrane was incubated with horseradish72% of the homozygote developed to the adult stage. The surviving
flies were sterile. peroxidase-conjugated anti-rabbit IgG antibody (Jackson) for 1 hr.
After three washes, the signal was detected with the ECL systemw; e red males were treated with EMS, as previously reported
(Grigliatti, 1986), and successively mated to w; PrDr/TM6B females. (Amersham).
Single F1 males balanced with TM6B were crossed to Df(3L)FpaI/
TM6, Sb Tb females, and lethality of the Tb1 progenies was exam- In Situ Hybridization and Immunostaining
ined. We isolated 48 independent lethal mutations from 8890 muta- In situ hybridization to whole-mount embryos was essentially per-
genized chromosomes. The complementation test for these newly formed as described in Tautz and Pfeifle (1989).
isolated mutations was performed with Df(3L)babPG and trioP0368/10, Immunostaining of embryos and first instar larvae was performed
identifying 24 mutations as trio alleles. according to standard protocols. Immunostaining of brains was per-
To identify mutant embryos, larvae, and adults in several experi- formed as previously described (Ito et al., 1998). The samples for
ments, the balancer chromosome TM6B, Abd-lacZ or TM6B, Ubi- immunoelectron microscopy were prepared according to Hoshino
GFP was used for labeling animals with the transgene expression, et al. (1996). The antibodies used were mAb 9.4A (1:1000), aTrioB6
or TM6, Sb Tb was used with the dominant morphological markers. (1:1000), mAb 1D4 (1:5, anti±Fas II antibody), anti-b-galactosidase
monoclonal antibody (1:200, Promega), anti-b-galactosidase poly-
Analysis of Genomic Structure of trioP0368/10 clonal antibody (1:2000, Cappel), anti-Tau monoclonal antibody
Hybridization of the trio cDNA to the P1 clones previously mapped (1:500, Sigma), and anti-CD8 rat monoclonal antibody (1:100,
around the chromosomal region 61E by BDGP showed that DS7840, Caltag).
DS4972, DS4559, and DS2448 clones contain parts of the coding
region of trio. A genomic DNA fragment flanking the P element Microscopic Observations and Imaging
(PlacW) insertion of trioP0368/10 was cloned by plasmid rescue. The Embryos and larval ventral nervous system were viewed using a
rescue fragment was found to hybridize to a 12 kb EcoRI fragment Zeiss Axiophoto with a Nomarski optics or Leica LSM TCS NT. Brain
in DS7840. Partial sequencing of both the rescue fragment and the samples were examined using a Zeiss LSM 310 or Leica LSM TCS
12 kb fragment revealed that the PlacW insertion was positioned in NT. Serial scanning images were obtained at 1 mm intervals and
the intron that is 39 terminally adjacent to nucleotide 5613 of the reorganized using the Zeiss 310 v2.01 3D analysis program or Imaris
trio cDNA. The transcriptional direction of the lacZ gene in PlacW (Bitplane AG). Images were processed using Adobe Photoshop.
was similar to that of trio.
Clonal Analysis
Transgenic Flies and Rescue Experiment Clonal analyses for trioE4.1 were performed using the MARCM system
A hs-trio construct was generated by ligation of an EagI DNA frag- (Lee et al., 1999). The strain used in this experiment was GAL4C155,
ment (nucleotides 307±7949) of the trio cDNA into pCaSpeR-hs. UAS-mCD8::GFP, hs-FLP/Y or 1;FRT2A, tubP-GAL80/FRT2A, trioE4.1.
Transgenic flies carrying the hs-trio were produced by P element± Clones were generated by incubation at 378C for 40 min at the larval
mediated germline transformation, as previously described (Ho- stage within 6 hr of hatching and examined at the wandering larval
shino et al., 1993). Ten independent transgenic lines were estab- stage.
lished, and each chromosomal linkage of hs-trio was genetically
determined. Two lines carrying hs-trio on the second or third chro- Acknowledgments
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